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We develop a theory for spin transport and magnetization dynamics in a quantum-dot spin valve,
i.e., two magnetic reservoirs coupled to a quantum dot. Our theory is able to take into account
effects of strong correlations. We demonstrate that, as a result of these strong correlations, the dot
gate voltage enables control over the current-induced torques on the magnets, and, in particular,
enables voltage-controlled magnetic switching. The electrical resistance of the structure can be used
to read out the magnetic state. Our model may be realized by a number of experimental systems,
including magnetic scanning-tunneling microscope tips and artificial quantum dot systems.
PACS numbers: 73.23.Hk, 73.63.-b, 73.50.Lw
Introduction.—The reliable manipulation and detection of
magnetic moments by electrical means remains one of the
overarching themes of spintronics. Recent years have seen
the development of several techniques involving a variety of
materials (conducting, insulating and semiconducting) and
heterostructures to this end. A key observation is that the
total conductance of metallic magnetic multilayers may be
extremely sensitive to the magnetic orientations of the con-
stituent magnets [1–4], owing to the spin-dependent trans-
port coefficients of the various components; the “giant mag-
netoresistance” of such heterostructures demonstrates the
possibility of electrically reading the magnetic state of mi-
crolayers and has been employed in mass produced devices
shortly thereafter. Subsequently, it was shown that the gen-
eration of magnetic dynamics leads to switching of magnetic
multilayers by large electrical currents, which become spin
polarized and thus transfer spin across the structure [5–10].
Typically, components of such heterostructures are suffi-
ciently large that interactions and quantum effects do not
play a prominent role in transport. As devices are scaled
down, however, these effects become increasingly significant.
Quantum dots coupled to ferromagnetic leads, which can be
viewed as a nanoscale analogue to magnetic multilayer spin
valves, represent an extreme scaling down of the metallic
interlayer. These quantum dot spin valves have proven a
fertile subject of research on spin-dependent quantum trans-
port in recent years [6, 7, 11, 13, 15–19]. In these studies, the
ferromagnetic leads are static reservoirs of angular momen-
tum; if, however, the reservoir magnetic moments are suffi-
ciently small and the electric currents sufficiently large, the
reservoir moments may be reoriented by the absorption of
spin current (i.e., spin-transfer torque), just as in magnetic
multilayers. In contrast to multilayers, however, wherein
spin-transfer torques are controlled by the source-drain bias
alone, in ferromagnet-dot-ferromagnet tunnel junctions, gat-
ing of the dot provides a new route of electrical manipulation
of magnetic dynamics, opening up rich new phase behavior
for the magnetic orientations of the ferromagnetic reservoirs.
In this Letter we discuss how transport through a spin-
degenerate quantum dot can be utilized to manipulate at-
tached nanomagnets via applied gate and bias voltages.
These voltages control the electronic transport through the
quantum dot, which in turn induces spin torques in the nano-
magnets. Since the electronic transport can be well con-
trolled by the gate and bias voltage, the spin torques can
be tuned as well, which is not straightforwardly possible in
standard spintronics setups like magnetic multilayers. We
demonstrate that the tunablility of the spin torques enables
the magnetic switching of the nanomagnets between paral-
lel and anti-parallel configurations, which are experimentally
distinguishable by their magnetoresistance and thus can be
readout electrically. Moreover, we find a new resonance for
nearly parallelly aligned reservoirs which turns out to be a
partner resonance to the recently reported [19] spin reso-
nance in the absence of spin splitting.
We suppose a separation of timescales between “fast”
quantum electron transport and “slow” magnetic dynam-
ics of the reservoirs. While such an approach assumes
low magnetic frequencies, and thus that charge- and spin-
pumping effects are negligible, it allows us to first treat
electron transport for quasistatic, arbitrary magnetic ori-
entations of the reservoirs. We then use the resulting ex-
pressions for spin-polarized current that flows through the
structure to obtain spin torques on the magnetic reservoirs,
which drive magnetic dynamics. This article thus combines
two approaches. The first is a semiclassical treatment of the
spin torques and “slow” magnetic dynamics from within a
Landau–Lifshitz–Gilbert (LLG) phenomenology. The sec-
ond deals with the “fast” electron transport through the
quantum dot/quasistatic magnetic reservoirs; the quantum
dot spin valve transport properties we obtain are quite gen-
eral and apply to a wide range of magnetic systems in which
a quantum dot might be embedded.
Magnetic dynamics.—To model magnetic dynamics of the
reservoirs, induced by electronic transport discussed below,
we treat their respective magnetic moments as single-domain
macrospins subject to the LLG equations modified to incor-
porate spin torques [20]:
S
d~nr
dt
= −µ0γS~nr × ~Hr + ~I⊥S,r − αS~nr ×
d~nr
dt
, (1)
where S is the macrospin of the reservoirs, r ∈ {S,D} de-
notes the source and drain with the macrospin orientations
~nr (|~nr| = 1), γ is the absolute value of the gyromagnetic
ratio, µ0 the vacuum permeability, and α is the phenomeno-
logical Gilbert-damping. The effective magnetic field in the
reservoirs is given by ~Hr =
1
µ0γS
δEr
δ~nr
+ ~Hthermal. We consider
the simple case of an easy-axis energy Er = −KV2 (~nr · ~ez)2,
which facilitates two degenerate magnetic equilibria at nzr =
±1. Motivated by materials like Galfenol [10, 22] (iron-
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gallium alloys) we have also analyzed [23] the case of cu-
bic anisotropy and found that all qualitative features remain
unchanged. Furthermore, ~Hthermal implements the influence
of the temperature T via fluctuations with Gaussian noise
of variance [24] σ2thermal =
2αT
γ2µ20S
. Finally, ~I⊥S,r is the com-
ponent of the electronic spin current ~IS,r impinging on the
reservoirs that is perpendicular to the macrospin orientation
~nr. Whereas the parallel component is carried into the bulk
of the reservoir by itinerant electrons, ~I⊥S,r is absorbed by
reorienting ~nr, and hence enters as a spin torque [25]; this
current, which gives rise to magnetic dynamics and switch-
ing, is highly sensitive to interactions in the magnetic dot and
will be calculated and discussed in detail in the next subsec-
tion. The spin current can be further decomposed [20] into
an out-of-plane spin current IFL,r that acts field-like in the
LLG-equation (1) and an in-plane damping-like contribution
IDL,r,
~I⊥S,r := (~nr × ~ez) IFL,r + ~nr × (~nr × ~ez) IDL,r. (2)
For simplicity we will limit our discussion to the case where
the magnetization direction of only the drain is able to ro-
tate freely, with the source macrospin ~nS fixed at ~ez. For
the case that both nanomagnets are able to rotate freely,
no qualitative changes occur inside the Coulomb blockade
regime where the quantum dot is singly occupied.
The perpendicular spin current ~I⊥S,r in Eq.(1) includes all
effects of the coupling of the two nanomagnets via the quan-
tum dot device. In the next section, we discuss the quantum
dot, the electronic transport, and the resulting spin current
~IS,r.
Transport.—We consider as a simple model an Ander-
son impurity with a spin-degenerate energy level coupled
to generally non-collinear magnetic reservoirs. All quali-
tative conclusions are quite general and expected to hold
also for systems with, for example, multiple energy levels
or weak to moderate electron-phonon coupling as none of
these fundamentally change the equation of motion for the
dot spin. The dot and tunneling Hamiltonians are given
by Hdot =
∑
σ εnσ + Un↑n↓, nσ = d
†
σdσ, σ =↑, ↓ and
Hrtun =
∑
σσ′k trd
†
σ′R
r
σ′σcσkr + h.c., r ∈ {S,D}, with dσ and
cσkr denoting the electron annihilation operators on the dot
and in the reservoirs, and tr is the corresponding tunnel cou-
pling. A sketch of the setup is given in Fig. 1. In the follow-
ing we will use the notation ε˜ := ε+U/2 which is the particle-
hole-symmetrized [3] on-site energy. In both reservoirs we
consider a polarization implemented via the density of states
ρσ of spin σ, i.e., we set p := (ρ↑ − ρ↓)/(ρ↑ + ρ↓) and ρ0 =
(ρ↑+ρ↓)/2. Furthermore, Rr is a matrix that encodes the dif-
ferent polarization direction of the reservoirs. Without loss
of generality, we choose for the source RSσσ′ = δσσ′ and hence
for an opening angle θ between both reservoir polarization di-
rections we obtain RDσσ′ = δσσ′ cos
(
θ
2
)
+σ (1− δσσ′) sin
(
θ
2
)
.
The transport properties of this model have already been
studied [6, 7, 19, 27, 28] in some detail. In contrast, here
we focus on the spin torques and in particular their conse-
quences for the dynamics of the reservoir nanomagnets.
To compute the transport through this strongly correlated
quantum dot, we treat dot-reservoir tunnel coupling pertur-
batively [1, 3, 4, 23, 31–33]. The corresponding perturbative
scale is given by Γ = 12
∑
r Γr with Γr := 2pit
2
rρ0, i.e., we as-
sume Γ T . All simulations are carried out with a stepsize
quantum dotnano magnet
Source Drain
fixed dynamic
nano magnet
~nD
✓
tS tD
"
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FIG. 1. Sketch of the system: A spin degenerate single-level quan-
tum dot is coupled via tunnel couplings tS/D to ferromagnetic
source and drain reservoirs, which are held at different chemical
potentials µS/D = ±V/2. The orientation ~nS of the source reser-
voir is fixed while the macrospin ~nD of the drain can fluctuate.
of ∆t = 10−2Γ. We assume a flat density of states for the
reservoirs with an energy cutoff D much larger than all other
energy scales in the model. We include all O (Γ) and O (Γ2)-
effects like e.g. cotunneling in a consistent way regarding
the occurring relaxation rates of the density operator. From
this we determine the stationary transport properties of the
model. The underlying assumption behind using the sta-
tionary values is that the timescale for the dot-relaxation
processes to happen is much smaller than the timescale for
the resulting dynamics of the nanomagnets described by (1).
Albeit we consider a simple model for the dot Hamilto-
nian, the non-spin-conserving tunnel couplings to the reser-
voirs yield a variety of spin phenomena to explore. In the
equations of motion describing the dot dynamics, the finite
reservoir polarizations yield an induced magnetic field on the
dot given by [7]
~Bind =
1
pi
∑
r=S,D
q=±
Γr~nrprqReψ
(
1
2
+ i
ε˜− µr − qU/2
2piTr
)
(3)
with ψ denoting the digamma function. The induced ef-
fective field (3) is included in the non-vanishing leading or-
der [23]. We note that the near degeneracy of the dot level is
crucial as a large Zeeman splitting would pin the dot polar-
ization direction and suppress the effects associated to the
induced magnetic field. Such a degeneracy can also be real-
ized in the presence of strong external magnetic fields by, for
example, fine tuning [34] different valley degrees of freedom.
Spin resonance condition.—Crucial for the understanding
of our results is the fact that the degenerate spin-level of the
quantum dot leads, in combination with the induced effec-
tive magnetic field (3) from the reservoirs, to a non-trivial
spin resonance [19]. The resonance condition relevant for the
dynamics of the nanomagnets is given by (generalizing the
result of Ref. 19)
~Bind · (~nD − ~nS) = 0, (4)
which is the condition for the effective magnetic field (3) to
change the dot spin from one initial reservoir polarization
direction to the other with maximal efficiency, i.e., fastest in
time and with the smallest necessary thermal fluctuations.
The resonance condition (4) results in a relation between the
bias voltage V and on-site energy ε˜, which is independent of
the opening angle, provided that θ 6= 0. For a symmetric
setup, pSΓD = pDΓS, the resonance condition reduces to
V = 0 for which transport is suppressed [19].
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FIG. 2. Switching diagram displaying the average opening angle
between the reservoirs (see text for the precise definition). The
parameters are given by ΓD = 2ΓS, U = 10
2 T = 103 Γ, p = 0.99,
KV = 0.01 Γ, α = 0.1, and σ2thermal = 10
−4. The resonance (4) is
indicated by the white dashed line. Inset: Two exemplary time
evolutions of the opening angle for the parameters ε˜ = 0.2U and
V = 0.1U as well as V = 0.175U .
Switching diagram.—We will now turn to our main result
and discuss the spin dynamics. For already small deviations
from the parallel alignment θ & 0.1pi the field-like spin torque
dominates over the damping-like contribution; see Eq. (2)
for the definitions. Depending on the sign of the field-like
torque, the driven magnetic ground state will be either a
parallel or an anti-parallel alignment of the nanomagnets;
we refer to these as the parallel and anti-parallel phases,
respectively.
In Fig. 3 we show the corresponding phase diagram (see
also [23]). The plotted average opening angle between the
source and drain reservoirs is obtained as follows: The sys-
tem is initialized in a parallel configuration θinit = 0 (recall
that the orientation of the source spin is held fixed). The
finite temperature encoded in the variance σthermal leads
to fluctuations in θ which are, depending on the point in
the (ε˜, V )-phase diagram, suppressed or enhanced by the
spin torque acting on ~nD; two exemplary time evolutions
of the angle θ are shown in the inset. (We note that the
macrospin length S only rescales the time axis.) The aver-
age opening angle is obtained by performing the time evolu-
tion up to t = 104 S/Γ and then averaging θ from there to
t = 2 · 104 S/Γ. In the phase diagram we see that the aver-
age opening angle indeed ends up in either a parallel or an
anti-parallel configuration, and that this can be controlled
by the values of the gate and bias voltages ε = ε˜− U/2 and
V respectively. For example, the resonance (4) indicated
by the white dashed line corresponds to a phase boundary.
The precise value of the stationary angle depends on the pa-
rameters, in particular also on the temperature. We note
that the lack of symmetry of the switching diagram under
(ε˜, V )→ (−ε˜,−V ) is due to the fixing of the source magne-
tization ~nS.
A transition between parallel and anti-parallel phases
can be easily detected by measuring the charge transport
through the device. Let us compare three cases: one in which
the drain magnetization is fixed in the parallel configuration
(θ ≈ 0), one in which it is fixed in the anti-parallel configu-
0
1
0
1
0
1
-0.5 0.0 0.5
−1
0
−1 1
−10
0
10
0 0.5
−20
2
0 1
V
/U
−4
−3
−2
−1
θ ≈ pi
V
/U
θ ≈ 0
log ICUΓV
V
/U
ε˜/U
θst
V/U
IDFL/DL/Γ
V/U
IDFL/DL/Γ
V/U
IDFL/DL/Γ
×20
FIG. 3. Logarithmic representation of the charge current per
applied voltage bias log(IC/V ) in the nearly parallel (θ = 0.01pi),
nearly anti-parallel (θ = 0.99pi), and dynamic cases (from Fig. 3).
All parameters are as in Fig. 3. The upper part of the color scale
relevant for transport outside of the Coulomb blockade is omitted.
Generically the parallel alignment results in larger currents than
the anti-parallel alignment. Insets: Field-like (red) and damping-
like (blue) spin torques along cuts at ε˜ = −0.3U indicated by
dashed while lines in the main figure.
ration (θ ≈ pi), and one in which the relative orientation θst
is determined by the applied voltages as shown in the phase
diagram Fig. 3. As shown in Fig. 3, charge transport is qual-
itatively distinct between the three cases. For example, the
resonance (4) does not [19] cause a significant feature in the
parallel case, while in the other two cases it is clearly visible
in the charge transport. The insets in Fig. 3 show the field-
like (red lines) and damping-like (blue lines) spin torques
along cuts at ε˜ = −0.3U , revealing nontrivial dependencies
on the applied gate and bias voltages. In particular we con-
clude that the quantum-dot setup allows control over the
relative strength of the spin torques.
The actual switching from anti-parallel to parallel always
occurs via a fast transition, while the inverse process is sig-
nificantly influenced by temperature. The underlying reason
for this is the absence of spin torques in the parallel limit (see
insets in Fig. 4). Hence, thermal fluctuations first have to
generate a sufficiently large initial opening angle for the field-
like spin torque to take over and drive the actual switching.
As this waiting time is usually much longer than the actual
spin-torque driven switching time [23], this effect dominates.
On the other hand, due to the stronger spin torques the
anti-parallel alignment—as long as it is supported by the
spin current—is highly robust against thermal fluctuations,
counterintuitively in particular for (ε, V )-values close to the
resonance where the transition from anti-parallel to parallel
alignment occurs. In contrast, going across the transition
line in the (ε, V )-parameter regime will cause similar strong
spin currents to easily switch the nanomagnets to a parallel
alignment.
FMR.—We now turn to the spin torques shown in Fig. 4.
These are accessible via ferromagnetic resonance (FMR) ex-
periments. We assume that the corresponding external mag-
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FIG. 4. Field- and damping-like spin torques IDFL and I
D
DL for
the parallel (respective upper) and anti-parallel (respective lower)
cases. All parameters are as in Fig. 3. The dashed lines corre-
spond to the resonance conditions ~Bind · (~nD ± ~nS) = 0, with
the upper and lower sign valid for θ ≈ 0 and θ ≈ pi respectively.
The full phase diagrams are obtained from the symmetry and
anti-symmetry of IDFL and I
D
DL under (ε˜, V ) → (−ε˜,−V ). Insets:
Angular dependence of the respective spin torque for ε˜ = −U/4,
V = 0.15U close to the resonance (4).
netic field for such a setup is small enough to not effectively
lift the degeneracy of the quantum dot, i.e., Bextern  Γ.
For larger external magnetic field the precessing quantum
dot spin would be pinned and the effects discussed here will
be suppressed.
FMR measures the absorption of electromagnetic waves
at a given frequency Ω. The response of the x-component
of the drain spin density to, for example, a linearly polar-
ized driving field h(t) = hxcos (Ωt) xˆ is given by nD,x(t) =
χ′xxhxcos(Ωt) + χ
′′
xxhxsin(Ωt). Assuming α 1, the out-of-
phase susceptibility χ′′xx is, for example [23]
χ′′xx = SΩ
−2S2Ω2Rαeff + α
[(
IDDL
)2
+ S2
(
Ω2R − Ω2
)]
[(
IDDL
)2
+ S2 (Ω2R − Ω2)
]2
+ (2S2αeffΩΩR)
2
(5)
where ΩR =
(
γH − IDFL
)
/S and αeff = α + I
D
DL/(SΩR).
Hence, the field-like torque causes a shift of the resonance
position, while the damping-like torque alters the broadening
∼ αeff .
As shown in Fig. 4, for an anti-parallel configuration,
θ ≈ pi, the field- and damping-like torques are of the same
order and both clearly exhibit a feature following the reso-
nance condition (4). On the other hand, for the parallel con-
figuration the damping-like spin torque inside the Coulomb
blockade is heavily suppressed. Furthermore, instead of the
resonance at (4) both the field- and daming-like torque pos-
sess a new feature at ~Bind · (~nD + ~nS) = 0. This resonance
is the partner of (4) in the sense that, instead of maximiz-
ing, it minimizes the efficiency of the induced magnetic field
to rotate the spin from the source to the drain direction or
vice versa. It also appears in the cotunneling charge current
through the quantum dot and yields a very weak conduc-
tance peak (invisible in Fig. 3). If the opening angles start
to have a relevant deviation from the nearly-parallel setup
θ & 0.1pi the resonance following (4) quickly begins to dom-
inate.
Controlling the spin torques.—Generally the strong depen-
dence of the field- and damping-like spin torques on the tun-
able gate voltage ε (via the on-site energy ε˜) and the applied
voltage bias V allow for experimental control of these nor-
mally fixed parameters. The insets of Fig. 3 show how the
spin torques vary as a function of the bias voltage V , corre-
sponding to cuts in Fig. 4. For example, in the fixed parallel
case one can switch on the damping-like torque by leaving
the Coulomb diamond. In contrast, the fixed anti-parallel
setup has significant features only inside the Coulomb block-
ade region where around the resonance at (4) the sign of the
field-like torque can be flipped.
Conclusions.—We showed that quantum transport
through a spin-degenerate quantum dot provides unique
control over the spin torques acting on the attached
nanomagnets, thus enabling the effective switching of the
nanomagnets from a parallel to an anti-parallel configu-
ration and vice versa. At the same time, the cotunneling
charge current through the system is a reliable readout tool
for the magnetic configuration of the nanomagnets. Our
finding relies on the spin-degeneracy of the quantum dot
level; adding further aspects to the model like additional
quantum levels or phonon degrees of freedom is not expected
to change our results qualitatively.
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Supplement: Spin switching via quantum dot spin valves
I. REAL-TIME PERTURBATION THEORY
A. General considerations
Here we will give a brief recap of the real-time perturbation theory [1–4] used for the quantum transport computation in
the main part of this letter. Most of this recap will focus on how to compute the decay rates of the quantum dot system
under consideration. In subsection I C we will comment on the computation of the charge and the spin currents as they
require the theory build around the decay rates as prerequisite.
The main assumption of this method is that the Hamiltonian can be factored in three parts H = Hdot +Hres +Htun. The
quantum dot Hamiltonian Hdot describes the system of interest, which is typically small (i.e. possesses a low-dimensional
Hilbert space) and will be treated exactly throughout this method. The reservoir Hamiltonian usually describes macroscopic,
non-interacting reservoirs that are e.g. given by
Hres =
∑
k,σ=↑,↓
r=S,D
ωkc
†
krσckσ (6)
and are assumed to be at grandcanonical equilibrium. The crucial assumption for this perturbative approach is now that the
coupling between this quantum systems, described by the tunnel Hamiltonian Htun, is weak compared to the temperature of
the attached reservoirs. For this discussion we will assume a rather general form with non-spin-conserving tunnel couplings
trσσ′ ∈ R:
Htun =
∑
k,σ,σ′=↑,↓
r=S,D
trσσ′c
†
krσdσ′ + h.c. . (7)
We will furthermore assume that the initial density operator of the system can always be factorized with respect to the dot
and reservoir subsystems, i.e. ρ = ρdot ⊗ ρres . The perturbative condition is now given by
max
σ,σ′=↑,↓
r=S,D
(trσσ′)
2
ρ0  Tr
where T r is the temperature of the corresponding macroscopic reservoir r and ρ0 its density of states.
We now start the actual derivation of the perturbative description of the system dynamics by considering the Liouville-
von-Neumann equation:
i
∂
∂t
ρ = [H, ρ]− = Lρ (8)
where ρ is the density operator of the full system and the superoperator L• := [H, •]− describing the dynamics of the
density operator will be referred to as Liouvillian. With respect to the quantum dot system we will only be interested in its
stationary properties. Hence, we Laplace transform the Liouville-von-Neumann equation (8). Furthermore, we trace out the
static macroscopic reservoir degrees of freedom to obtain:
ρdot (z) = Π (z) ρdot (t0) (9)
Π (z) = tr
res
i
z − Ltot ρres
where t0 is some arbitrary initial time. Now this is rewritten further by using the Dyson equation combined with the
property that the reservoir creation-/annihilation-operator satisfy Wick’s theorem due to the grandcanonical description of
the reservoirs.
Π (z) =
i
z − Leff (z) (10)
Leff (z) : = Ldot +
∞∑
k=1
tr
res
(
Ltun
1
z − (Ldot + Lres)
)k
Ltunρres
∣∣∣∣∣
irred.
(11)
Here irreducibility refers to the diagrams occurring the perturbative series, for the details of the diagrammatic rules see
Refs. [1–4]. The effective Liouvillian Leff (z) describes now via (9) and (10) the time-evolution of the quantum dot subsystem.
The influence of the tunnel coupling to the reservoirs is fully encoded in Leff (z) and up to now this description is exact. For
our perturbative treatment we will cut off the series (11) at k = 5. This corresponds to including effects of the order L4tun,
6
i.e. cotunnelling effects. Considering the inverse of the Laplace transformation we can obtain the stationary dot density
operator via:
Leff
(
z = i0+
)
ρdot, stat. = 0. (12)
The existence of this eigenvector of the effective Liouvillian Leff (z = i0
+) follows from the fact that the time-evolution
conserves the trace of any quantum system,
tr
dot
Leff
(
z = i0+
)
= 0,
corresponds to the left eigenvector of the zero-eigenstate of Leff (z = i0
+) and the stationary dot density operator (12) to the
respective right eigenvector. We stress that no restriction on the elements of the density operator is required or used at any
point for this approach.
B. Concrete expressions
We now give some concrete expressions for our system. We will use a creation-/annihilation-index η defined as
dησ =
{
dσ for η = −
d†σ for η = +
and a multi-index 1 = (η1, σ1). The same definitions, with an additional reservoir index r and momentum index k, will also
be used for the reservoir operator. To have nice commutator relations, we define the following mapping for the creation and
annihilation operators
Gq11 • =
1√
2
(
d1 •+q1 (−I)N • (−I)N d1
)
, q1 ∈ {+,−} , (13)
and analogous with the symbol J q11 for the reservoir creation/annihilation operators c1. The commutation relations are now
given by [Gq22 ,Gq11 ]+ = δq2,q1δ2,1I. For the reservoir-density operator Wick’s theorem can now be formulated as follows [5]:
〈J qnn . . .J q11 〉res =
∑
P
(−1)P
∏
〈j,i〉
〈J qjj J qii 〉 , (14)〈J−2 J−1 〉res = δq2,−δ2,1γq11 ,
where γ+1 = 1 and γ
−
1 = tanh
η1(ω1−µ1)
2T1
are the symmetric and antisymmetric part of the Fermi–Dirac distribution with
chemical potential µ1 and temperature T1. The sign-factor (−1)P counts how many permutations are required to rearrange
the superoperators J into the right-hand-side expression of (14). In the representation (13) the Liouvillians corresponding
to the tunnel and reservoir Hamiltonians (6) and (7) , e.g. Ltun• = [Htun, •]−, take the form:
Ltun =
∑
2
t2′2η2
∑
q2
Gq22′ J q22 , (15)
Lres =
∑
2
ω2J +2 J−2 , (16)
where ω2 := η2ω2 and t2′2 := δr2r′2t
r2
σ2σ2′ . Substituting these expressions into the effective Liouvillian Leff (z) (11) yields
with [Lres,J q1 ]− = ω1J q1 and after applying Wick’s theorem (14) a remaining matrix algebra for the dot Hilbert space and
energy integrals for the reservoir degrees of freedom. We define a decay rate Γr1σ1σ1′ = 2piρ0
∑
σ2
tr1σ2σ1t
r1
σ2σ1′ (1 + prσ2) where
ρ0 = (ρ↑+ρ↓)/2 being the average density of states of the reservoirs. The spin-dependent polarization factor pr of the density
of states has already been absorbed into the decay rate Γr1σ1σ1′ . For the two leading orders taken into account here we obtain
then [in the following
∑∫
1q1
means integration over ω1 and summation over all other indices occurring in 1 = (η1, σ1, r1, ω1)]:
Leff (z) =Ldot +
∑∫
1q1
Γr1σ1′σ1
2pi
G+
1
′
q1γ
q1
1
ω1 + z − LdotG
q1
1
+
∑∫
12q1q2
Γr1σ1′σ1Γ
r2
σ2′σ2
(2pi)
2
(
G+
1
′
1
ω1 + z − LdotG
+
2
′ − G+
2
′
1
ω2 + z − LdotG
+
1
′
)
q2γ
q2
2∑
i=1,2
ωi + z − LdotG
q2
2
q1γ
q1
1
z − Ldot + ω1G
q1
1 . (17)
The operators G as well as the dot Liouvillian Ldot can be just numerically implemented as matrices for sufficiently small dot
Hilbert spaces. The only challenging part that remains now is to solve the occurring integrals. For this purpose we assume
a flat reservoir density of states given by
ρres,σ (ω) = ρ0 (1 + pσ) Θ(D − |ω|)
7
where Θ is the Heaviside-step-function and D some cutoff much larger than any other energy scale in the problem. The
leading order contributions O(Γ) can be solved exactly and yield with ψ being the Digamma-function:
Leff (z) = Ldot +
∑
η1σ1′σ1r1
(
Γr1σ1′σ1
pi
· G+
1
′
[
ψ
(
1
2
− iz − Ldot + µ1
2piT1
)
− ln D
2piT1
]
G+1 − i
Γr1σ1′σ1
2
G+
1
′G−1
)
+O (Γ2) . (18)
The imaginary part of the O(Γ)-corrections corresponds to the decay rates while the real part implements the effective
magnetic field on the dot induced by the reservoir polarizations [6, 7]
~Bind =
1
pi
∑
r=S,D
q=±
Γr~nrprqReψ
(
1
2
+ i
ε˜− µr − qU/2
2piTr
)
(19)
where Γr =
∑
σ Γrσ/2. It is stressed that the magnetic field is automatically implemented in this method hidden via the real-
valued part of the O(Γ)-contribution to Leff(z) (8) and does not require any special treatment. Hence, the above expression
(19) is only given for illustrative purposes and never used in this form for any actual computation.
The additional O(Γ2)-contributions are more involved. The expressions for the imaginary decay rates are given in the
supplement of Ref. [8]. For the real parts one can repeat the derivation described therein. Only one of the two integrals
can be solved analytically by closing the integral along the upper complex plane and using the residue theorem. The
remaining integral can also be treated with the residue theorem, but the remaining sum of tanh-poles needs to be carried
out numerically [9]. For completeness we list the corresponding expressions here:
∫ D
−D
∫ D
−D
dω1dω2
1
ω1 + z3
γ−1∑
i=1,2
ωi + z2
1
ω1 + z1
= −i2pi
ψ
(
1
2 − i z3+µ12piT1
)
− ψ
(
1
2 − i z1+µ12piT1
)
z3 − z1
∫ D
−D
∫ D
−D
dω1dω2
1
ω1 + z3
γ−2 γ
−
1∑
i=1,2
ωi + z2
1
ω1 + z1
= −8piiT1
kD:=
D
2piT2
− 12∑
n=0
φ
(
1
2
− iz2 + µ1 + µ2
2piT2
+
T1
T2
(
n+
1
2
))
× 1
2piT1
(
n+ 12
)− i (z3 + µ1) 12piT1 (n+ 12)− i (z1 + µ1)∫ D
−D
∫ D
−D
dω1dω2
1
ω2 + z3
γ−2 γ
−
1∑
i=1,2
ωi + z2
1
ω1 + z1
= −8piiT1
kD:=
D
2piT2
− 12∑
n=0
ψ
(
1
2 − i z2+µ1+µ22piT2 + T1T2
(
n+ 12
))− ψ ( 12 − i z3+µ22piT2 )
2piT1
(
n+ 12
)− i (z2 − z3 + µ1)
× 1
2piT1
(
n+ 12
)− i (z1 + µ1)
where φ
(
1
2 − i z2piT1
)
:= −ψ
(
1
2 − i z2piT1
)
+ ln D2piT1 .
C. Charge and spin current
The starting point for any observable without an explicit time-dependence is given by
〈A〉 (z) = tr
res
Aρ (z) =
1
2
tr tr
res
LA,+
i
z − Ltot ρdot (t0) ρres
where LA,+• := [A, •]+. By repeating the perturbative scheme outline before for the computation of the decay rates—i.e.
applying the Dyson equation, using Wick’s theorem and regrouping everything in terms of irreducible diagrams—we obtain:
〈A〉 (z) = 1
2
trΣA,+ (z) Π (z) ρdot (t0)
=
1
2
trΣA,+ (z) ρdot (z)
where ΣA,+ (z) =
∞∑
k=0
tr
res
LA,+
1
z − (Ldot + Lres)
(
Ltun
1
z − (Ldot + Lres)
)k
Ltunρres
∣∣∣∣∣
irred.
(20)
This observable kernel ΣA,+ (z) corresponds therefore to the corrections to the effective Liouvillian Leff (z) − Ldot from
(11), but the leftmost tunnelling Liouvillian has been replaced by the anticommutator Liouvillian LA,+ of the respective
considered observable. All further derivations leading to Eqs. (17) and (18) therefore also hold for the observable kernel; only
the leftmost tunnelling Liouvillian needs to be replaced. The stationary contribution can again be extracted by performing
the inverse Laplace transformation which boils down to taking z = i0+.
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FIG. 1. Spin torques and the spin projection of the stationary dot occupations in the directions ~nS ± ~nD for fixed ε˜ = 0.2U , other
parameters are U = 102T = 103Γ. The left plot is for θ = pi/2 and the right for θ = pi/4. The full lines include the induced magnetic
field only in O (Γ), but still take all O(Γ2) decay rates into account. The dashed lines where computed by including the full O (Γ2)-
corrections. Most of the dashed lines are not visible as they coincide with the full lines. Overall, no significant, qualitative changes
occur; especially with respect to the sign of the field like torque which is the crucial ingredient for the effects under consideration.
Hence, the spin current in the direction ν ∈ {x, y, z} can be obtained by substituting into (20) the following as observable:
Irspin,ν =
d
dt
∑
k,σσ′=↑,↓
σνσσ′c
†
krσckrσ′ = −i
∑
k,σσ′=↑,↓
σνσσ′
[
c†krσckrσ′ , Htun
]
−
= i
∑
k,σσ′σ′′=↑,↓
d†σ′′t
r
σ′′σ′σ
ν
σ′σckrσ + h.c.
Analog the charge current is obtained by replacing σνσ′σ → δσ′σ. As neither charge nor spin current add any additional energy
dependence to the observable kernel (20) the same integrals needs to be solved for these currents as for the computation of
the decay rates via the effective Liouvillian (17) discussed prior.
D. O(Γ)-approximations for the effective magnetic field
All plots shown in the main letter use an O(Γ)-approximation of the effective magnetic field., i.e. the full O(Γ)-contribution
to the Liouvillian as given at Eq. (18) is taken into account. In contrast, in the imaginary part of the Liouvillian all terms
in O(Γ2) are considered, since they yield the first non-vanishing contribution to the decay rates. The used exact integral
expression for the O(Γ2)-decay rates are given in the supplement of Ref. [8]. In Fig. 1 we show the spin torques and
stationary dot occupation for two exemplary cuts through the Coulomb diamond. We also show the results when including
the O(Γ2)-corrections to the effective magnetic field and observe that no significant changes occur.
II. FURTHER ANALYSIS OF THE SPIN SWITCHING BEHAVIOR
A. Weaker reservoir polarizations
The main part of this letter considered for clarity only very strongly polarized reservoirs with a polarization of p = 0.99.
However, there is no fundamental limitation with respect to the polarization strength. Obviously, considering extremely weak
polarizations pr → 0 is not useful as the induced magnetic field (19) vanishes and therefore also all spin torques. Besides this
considering pr < 0.99 just yields a reduction of the spin torque strength, Fig. 2 displays corresponding switching diagrams.
Overall the general properties discussed for this setup are also present for such lower polarizations. For pr = 0.7 stronger
fluctuations occur for the parallel configurations and the switching from parallel to anti-parallel is so slow that significant
hysteresis occurs (plots show scans from V = −1.25ε˜ to V = 1.25ε˜ with fixed ε˜). Due to the more pronounced thermal
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FIG. 2. Switching behavior for the same parameters as used for Fig. 2 of the main part, i.e U = 102T = 103Γ, an easy-axis anisotropy
of KV = 0.01Γ, a Gilbert damping of α = 0.1 and temperature fluctuations σ2thermal = 10
−4. The left plot is for reservoir polarizations
pr = 0.9 and the right one for pr = 0.7. For pr = 0.7 some artifacts begin to appear for the slow transition from parallel to anti-parallel
along the resonance line. Also fluctuations become more pronounced for the parallel configurations, making the partner resonance
~Bind · (~nD + ~nS) = 0 close to the ε˜ = 0 line visible to the bare eye.
fluctuations for the parallel configuration the partner resonance ~Bind · (~nD +~nS) = 0 close to the ε˜ = 0 line becomes visible as
a region of suppressed thermal fluctuations in the parallel configuration region. The underlying reason for this supression is
a much stronger dampinglike spin torque (cf. Fig. 4 of the main part) which supresses all fluctuations away from the stable
direction.
B. Switching behavior
Fig. 3 shows a typical switching behavior close to the resonance. For the case where the initial configuration is equal to
the stationary one only thermal fluctuations occur. They are strongly suppressed for the anti-parallel configuration due to
the corresponding stronger spin torques (cf. insets of Fig. 4 from the main part) pushing the spin back to an anti-parallel
configuration. For similar reasons the switching from anti-parallel to parallel is quite fast due to the strong spin torques in
the initial anti-parallel configuration. For the inverse switching process of switching from parallel to anti-parallel one has
vanishing spin torques in the limit of perfect parallel configurations θ → 0. Hence, one observes a rather long waiting time
during which thermal fluctuations first have to generate a sufficient initial θfluctuated from which on the spin torques take the
lead and give a switching of comparable speed as for the anti-parallel to parallel switching.
0
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pi
0 tΓ/(104S) 1
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↑↓→↑↓
↑↓→↑↑
FIG. 3. Switching time behavior for the same parameters as in Fig. 2 of the main part of this letter. The switching to parallel
corresponds to the point marked with a filled black dot in that Figure, i.e. ε˜ = −0.2U, V = 0.1U , and the switching to an anti-parallel
stationary state corresponds to the hollow dot, i.e. ε˜ = −0.2U, V = 0.15U . We note that the switching from anti-parallel to parallel
(light blue line) is fast, while the opposite switching (violet) is slow since in the latter case thermal fluctuations first have to generate
a sufficient opening angle.
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FIG. 4. Switching diagram displaying the average opening angle θ after t = 104S/Γ and subsequently averaged over the same time.
Parameters are U = 102T = 103Γ. Here a cubic anisotropy (21) with K1V = 0.2Γ, a Gilbert damping of α = 0.017 and temperature
fluctuations σ2thermal = 10
−3 have been considered. The universal switching behavior in the Coulomb diamond remains qualitatively
unaltered compared to the simple easy-axis case considered throughout the main part of this letter.
C. Experimental estimate for Galfenol
Let us briefly comment on the effect of choosing a more complicated magnetic energy instead of the simple easy-axis one.
Motivated by the materials like Galfenol [10, 11] (iron-gallium alloys) we have also analyzed the case in which the quantum
dot is attached to two nanomagnets possessing cubic anisotropy
Er
V
= −Kcubic
(
n4r,x + n
4
r,y + n
4
r,z
)−Kuniaxialn2r,z . (21)
As mentioned above, all qualitative effects discussed in this article still appear. In fact, switching becomes easier compared to
an easy-axis anisotropy; e.g., the required thermal fluctuations to explore the phase space and initialize the switching process
are lower. We obtain a simple estimate of the appearing energy scales by considering nanomagnets of 10nm× 10nm× 2nm
made of Fe78Ga22 with parameters [11] Kcubic ≈ −8 ·1021ev/m3 , Kuniaxial ≈ 1 ·1021ev/m3, corresponding to the energy scale
KcubicV ≈ −1.6meV. We studied a setup with tunneling rate Γ = −5KcubicV ≈ 8meV, Coulomb interaction U = 102T =
103Γ , thermal variance σ2thermal = 10
−3 and Gilbert damping [12] α = 0.017. Tunneling rates in that order of magnitude
have been realized [13] in quantum dot setups before; the more challenging aspect is to realize a sufficiently large Coulomb
blockade exceeding this energy regime. However, even though they are not the standard case, quantum dots with charging
energies up to ∼ eV have already been realized [14].
Fig. (4) shows the result of this simulations, all qualitative aspects discussed in the main text are present for this setup
and should be observable. The measurement time to wait for the switching to happen and to average subsequently over the
resulting configurations whilst measuring used for this plot is given by tmeasure = 10
4S/Γ ≈ 0.8S·ns. Hence, for realistic S ≈ 10
for nanomagnets and S ≈ 106 for magnetic nano pillars, one obtains switching times of tmeasure ≈ 8ns and tmeasure ≈ 800µs,
respectively.
III. DERIVATION OF EQ. (5)
In this section, we derive Eq. (5). First, we generalize Eq. (1) for r = D to include a small FMR driving field ~h(t) by
sending ~HD → ~HD +~h(t) on the right-hand side. Supposing the driving field to be of the form ~h(t) = hxeiΩt~ex, we linearize
~nD ≈ δ~neiΩt + nzD~ez, where nzD = ±1 denotes the steady-state fixed point orientation. The response δ~n = nx~ex + ny~ey,
which is generally complex, is obtained by inserting Eq. (2) into Eq. (1) and using the linearized form of ~nD, resulting in:(
nzD
[
γH − nzDαSiΩ− IDFL
] −nzD [SiΩ− nzDIDDL]
−nzD
[
SiΩ− nzDIDDL
] −nzD [γH − nzDαSiΩ− IDFL]
)(
nx
ny
)
≡ χ−1
(
nx
ny
)
=
(
hx
0
)
. (22)
Here, H = Bextern + KV is the effective field, and I
D
DL and I
D
FL are understood to be evaluated at θ = 0 for n
z
D = +1
and θ = pi for nzD = −1. We have neglected the thermal field ~Hthermal, as thermal broadening is usually negligible at low
temperatures. Eq. (22) can then be inverted to obtain nx = nx(Ω) = χxx(Ω)hx and hence the time-dependent solution
nx(Ω, t) = nx(Ω)e
iΩt. Finally, to obtain to full response nx(t) to a driving field ~h(t) = hxcos(Ωt), we add the positive
and negative frequency solutions: nx(t) = (nx(Ω, t) + nx(−Ω, t))/2 = Re[nx(Ω, t)] = χ′xxhxcos(Ωt) + χ′′xxsin(Ωt), where
χ′xx = Reχxx and χ
′′
xx = −Imχxx, which is written explicitly in Eq. (5).
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